INTRODUCTION:
Tendons are dense, fibrous connective tissues that connect muscle to bone, transmitting the forces that allow for body movement. Tendon damage from overuse or degeneration due to aging are common clinical problems because damaged tendon tissue heals very slowly and rarely recovers completely. The establishment of new therapies, such as regenerative medicine, for injured tendons has been delayed by a limited understanding of tendon biology. Mohawk (Mkx) is the sole member of a newly characterized class within the TALE (Three Amino acid Loop Extension) superclass of atypical homeobox genes (1). We previously identified Mkx as a transcription factor expressed in developing tendons by constructing a whole-mount in situ hybridization database, termed "EMBRYS", which contains expression data of 1,520 transcription factors and cofactors expressed in E9.5, E10.5 and E11.5 mouse embryos (2) . The objective of this study was to define the in vivo function of Mkx in tendon development.
METHODS:
All animal experiments were performed according to protocols approved by the Institutional Animal Care and Use Committee at the National Institute for Child Health and Development. To examine the in vivo functions of Mkx, we created a mouse deleted for Mkx. For histological analysis, patellar and tail tendons were harvested from embryos or adult mice, and fixed with 4% paraformaldehyde in PBS at 4°C overnight. Tissues were dehydrated, embedded in paraffin and sectioned, and each section was stained with hematoxylin and eosin (H&E). Tensile test was performed as described previously (3). Total soluble protein was obtained from Achilles tendon and tail tendon by homogenization in RIPA buffer and used for Western blot analysis and collagen measurements. Total soluble collagen measurements of homogenate in Achilles and tail tendons were performed using the Sircol Soluble Collagen Assay (Biocolor) according to the manufacturer's instructions. Total RNA was isolated from various tissues using ISOGEN (Nippongene), and reverse transcribed using Ready-To-Go You-Prime First-Strand Beads (GE Healthcare). Quantitative real-time RT-PCR was performed with SYBR Green PCR Master Mix (Applied Biosystems). The expression of Gapdh was used as a control for mRNA expression. Gene expression changes were quantified using the deltadelta CT method. DNA microarray analysis was performed using Affymetrix mouse genome 430 2.0 array.
RESULTS:
Tendon Defects Are Observed in Mkx -/-Mice Mkx knockout mice were born at normal and were fertile. Tendons (patellar, Achilles, and tail tendons, dorsal extensor tendons of the forelimb and hindlimb, tendons of the trunk and platysma tendons) of 3-month-old Mkx null mice were hypoplastic and pale white in color compared with those of wild-type mice (Fig. 1A) . H&E staining of patellar tendons from 3-month-old Mkx null mice revealed that Mkx null patellar tendons were thinner than wildtype tendons (Fig. 1B) . Tail tendons in Mkx null mice also show small tendon fiber bundles (Fig. 1B) . However, Mkx null tail tendons had high tendon cell density and the cell number of tail tendon fiber bundles was not significantly different between wild-type and Mkx null mice. The enhanced cell density was also observed in the Achilles tendon of knockout mice. This suggests that Mkx null tendon cells are not completely functional. To analyze the collagen fibrils of Mkx null tendons in detail, we next performed an ultrastructural analysis of Achilles tendons using electron microscopy. Collagen fibril diameters in the Mkx knockout mice were uniformly smaller than those of wild-type mice (Fig. 1C) . Mkx Null Tendon Cells Reduced Type I Collagen Production Tendon cell density was enhanced in Mkx null mice. This suggests that Mkx knockout tendon cells have a reduced ability to synthesize ECM or enhance ECM catabolic activity. To investigate the production of collagens by Mkx null tendon cells, we first measured the amount of soluble collagens in Mkx null tendons by Sircol Soluble Collagen Assay.
This experiment indicated that total soluble collagens were decreased in Achilles and tail tendons of Mkx null mice compared with those from wild-type mice (Fig. 1D) . Furthermore, we found a reduction in the protein level of type I collagen, which is a main component of tendon ECM, in Achilles and tail tendons of Mkx knockout mice by western blotting (Fig. 1E) . We also found that the mRNA levels of Col1a1 and Col1a2, which encode the type I collagen, were decreased in Achilles tendons of Mkx null mice. DNA microarray analysis was also performed on RNA samples collected from Achilles tendon of both Mkx -/-and wildtype mice to identify genes regulated by Mkx. This experiment showed that downregulation of ECM genes such as decorin, which is a proteoglycan regulating collagen fiber formation, and upregulation of ECM catabolic genes in Mkx null tendons were observed. These data reveal that Mkx plays an important role in regulating the expression of type I collagen and its associate molecules in tendon cells.
DISCUSSION:
We investigated the in vivo functions of Mkx by analyzing the tendons of Mkx knockout mice. We examined two major tendons, Achilles and tail tendon, whose developmental origins are known to be different. Achilles tendon in the limbs is induced in mesenchyme directly and the tail tendon in the trunk is derived from syndetome (4). As a result, collagen quantity and type I collagen expressions were reduced in both Achilles tendon and tail tendon of Mkx null mice. This indicates that Mkx may play a role in various tendons. The bHLH transcription factor Scx is also known to be a positive regulator of tendon differentiation via its role in promoting type I collagen expression (5). However, phenotypes of both null mutants are different. While Scx null mutants exhibit a loss of segments or complete tendons (5), Mkx null mice have reduced tendon mass without a decrease in the number of tendon cells. These data suggest that Scx is essential for the initiation of tendon differentiation, whereas Mkx plays a critical role in tendon maturation.
These findings will serve as a basis for understanding molecular mechanisms of tendon differentiation and may provide a therapeutic target for tendon injuries and tendon related diseases, such as EhlersDanlos Syndrome.
